school of thought is that organic MIS capacitors are based on undoped semiconductors and form a Schottky type contact at the semiconductor-metal (S-M) junction. Numerical simulations including these two features along with the idea of an effective density of states (DOS) [7] , [8] or Gaussian DOS (GDOS) [9] successfully explained the C-V characteristics of organic MIS capacitors. However, the previous reports are entirely based on numerical simulations alone. A limited effort has been put forward to develop analytical models to explain the C-V characteristics. Moreover, analytical models are required to understand the device design intuitively. These models are faster and take less CPU time than the numerical simulations.
The schematic of an organic MIS capacitor and its typical C-V characteristics are shown in Fig. 1 (a) and (b), respectively. Based on the applied gate voltage (V g ) and the flatband voltage (V fb ), C-V characteristics can be divided into three regions: 1) strong accumulation (V g V fb ); 2) moderate accumulation (V g < V fb ); and 3) weak accumulation (V g > V fb ). In the strong accumulation region, the capacitance approaches to insulator capacitance (C i ). On the other hand, in the weak accumulation region, the capacitance reduces to C min , which is a series combination of C i and geometrical capacitance of the semiconductor (C sc ) given by [7] C min = C i C sc C i + C sc (1) with C i = (ε i ε 0 /t i ), C sc = (ε s ε 0 /t s ), where ε 0 is the permittivity of free space, ε i (ε s ) corresponds to the relative dielectric constants of insulator (semiconductor), and t i (t s ) is the thickness of the insulator (semiconductor). However, there is no model to explain the capacitance behavior in the 0018-9383 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. moderate accumulation region consistently with that the strong and weak accumulation regions.
In this paper, we develop a physics-based analytical model to explain the entire C-V characteristics of the organic intrinsic semiconductor-based MIS capacitor, applicable to devices operating in the non-degenerate regime. We consider effective DOS and GDOS for TCAD simulation and effective DOS for model development. Mathematical expressions for the charge profile, surface potential, and capacitance are developed to explain the observed C-V characteristics of the organic MIS capacitor with varying semiconductor thickness and cathode metals. The model is validated with TCAD simulation and is further verified with experimental results.
II. MODEL DEVELOPMENT
In this paper, we consider an intrinsic organic semiconductor that forms a Schottky contact with the cathode metal [7] , [8] , [10] . The contact has a large barrier height φ e for electrons compared with that for holes, φ h . The electron and hole concentrations maintained at the semiconductor-cathode interface due to thermionic emission are n d and p d , respectively [7] , [8] , [10] . Since φ h φ e , p d n d , one can neglect n d . Upon shorting the gate and the cathode (i.e., V g = 0), the injected holes undergo diffusion due to concentration gradient and drift due to the opposite electric field present within the semiconductor, establishing a steady-state charge concentration profile.
Upon applying a negative V g , positive charges get induced on the cathode metal (Q sc at x = t s ), as shown in Fig. 2 . Subsequently, the injected holes are attracted toward the insulator-semiconductor (I-S) interface leading to hole accumulation within the semiconductor (Q sp ). Q g and Q f represent the charge densities at the gate metal (x = −t i ) and the fixed charge density at the I-S interface (x = 0), respectively, as shown in Fig. 2 . Applied V g is dropped across the insulator (ψ i ) and semiconductor (ψ s ) as
Applying Gauss's law (with Q f = 0), ψ i can be estimated using the electric field present at the I-S interface (E(0)) as
In the presence of Q f and φ gc (work-function difference between the gate and the cathode), (2) is modified to
where
and Q s is estimated as
Differentiating (4) with respect to Q g and using the relation ∂ Q g = −∂ Q s , one obtains
where 
where V t is the thermal voltage. For a semiconductor with finite thickness, a general solution for (8) was given in [11] as
where k and ξ are constants. Now differentiating (9) and using the Poisson equation
Further, by integrating (9), ψ s can be obtained as
Accordingly, Q s is calculated as
Q sc is the sheet charge present at the S-M interface and Q sp is the effective charge density of the distributed space charge accumulated within the semiconductor. Q sc and Q sp are schematically represented in Fig. 2 . It is to be noted that the unknown parameter k can be evaluated by solving (4) using (11) and (12). 
), and C(V g ) is discussed in this section. The variation of the hole concentration profile with respect to V g is shown in Fig. 3(a) and (b). It is evident that the hole concentration at the S-M interface (x = t s = 97 nm) is bias-independent as it is solely decided by thermionic emission (i.e., φ h and V t ). On the contrary, the hole concentration at the I-S interface (x = 0) varies exponentially with ψ s as
For a higher value of φ h (= 0.28 eV), the hole injection is low leading to a low space charge (LSC) concentration near the S-M interface (x = 97 nm). Fig. 3(a) shows that for the case of LSC, p(x) varies monotonically from the I-S interface (x = 0) to S-M interface (x = 97 nm). Since the field corresponding to the injected holes near the S-M interface is negligible compared with the gate-induced field within the device, the field plots remain uniform for different values of V g , as shown in Fig. 3(c) . The top row of Fig. 3 and the left column of Fig. 4 explain the results corresponding to the LSC device. On the other hand, for a lower value of φ h (= 0.15 eV), the hole injection is high leading to a high space charge (HSC) concentration near the S-M interface (x = 97 nm), as shown in Fig. 3(b) . Since the field due to the injected charge becomes comparable with the gate-induced field, the field becomes nonuniform near to the S-M interface, as shown in Fig. 3(d) . This results in an excess potential drop near the S-M interface, affecting ψ s in such a way that the gate voltage corresponding to ψ s = 0 (= V g | ψ s =0 ) varies with t s , as shown in Fig. 3(f) . On the other hand, for all the values of t s in the LSC case, ψ s becomes zero at V g = −0.52 V (= V fb ), as shown in Fig. 3(e) . The bottom row of Fig. 3 and the right column of Fig. 4 explain the results corresponding to the HSC device.
The semiconductor charge (Q s ) calculated using ψ s in (4) is shown in Fig. 3(g) and (h). From Fig. 3(e) -(h), one can note that ψ s and Q s vary with t s , which is different from that of the traditional doped semiconductor-based MIS capacitor. Fig. 4(a) and (b) shows that for high negative gate bias (V g −1 V), i.e., in strong accumulation region, Q sc calculated using (13) (dashed line) appears to be negligible compared with Q sp calculated using (14) (solid line). Hence, Q s ≈ Q sp , which in turn varies exponentially with ψ s . It is important to note that the semiconductor capacitance (C s ) extracted using C i and (7) varies linearly with V g , as shown in Fig. 4(c) and (d) .
For V g >V fb , i.e., in the weak accumulation region, holes are repelled from the I-S interface and extracted out of the semiconductor. Therefore, the overall carrier concentration within the semiconductor becomes negligible as represented by the curves corresponding to V g = 0 V (> V fb ) in Fig. 3(a) and (b) . As a consequence, the semiconductor behaves like an insulator maintaining a uniform electric field throughout the semiconductor [ Fig. 3(c) and (d) ]. Therefore, ψ s increases linearly with V g , as shown in Fig. 3 (e) and (f). Moreover, in the weak accumulation region, Q sp Q sc and Q s ≈ −ψ s C sc , as shown in Fig. 4(a) and (b) . Hence, C s = −∂ Q s /∂ψ s approaches to C sc [ Fig. 4(c) and (d)] . Thus, the total capacitance saturates to C min following (1), as shown in Fig. 4 (e) and (f).
In the moderate accumulation regime (−1 V <V g <V fb ), Q sp and Q sc are comparable with each other, as shown in Fig. 4(a) and (b) . In this region, C s changes its nature from constant value (weak accumulation) to linear variation with V g , as shown in Fig. 4(c) and (d) . Moreover, in this particular region, variation in the slope of C-V characteristics and the value of C min with respect to t s results in a crossover of capacitance with t s , as shown in Fig. 4 (e) and (f). The crossover is prominent in the LSC case as compared with the HSC case.
The total capacitance calculated using Q s , ψ s , and (7) is plotted with respect to V g for different semiconductor thicknesses, as shown in Fig. 4 (e) and (f). Excellent agreement between the analytical model (solid lines) and TCAD simulation results (symbols) in Figs. 3 and 4 ensures the consistency, scalability, and robustness of the proposed model.
IV. DEVICE VALIDATION IN THE NONDEGENERATE OPERATING REGIME
This section explores the possibility of using effective DOS approximation for undoped organic semiconductor-based MIS capacitors. The devices based on disordered organic semiconductors are often modeled by considering the GDOS as reported in [9] and [13] - [18] . With the Gaussian peak located at E V /C , σ quantifying the degree of disorder, and N 0 being the total number of DOS per unit volume, GDOS is expressed as
In this case, the amount of charge that is injected into the semiconductor depends on the work function of the metal, the conduction or valance band energy level, and the degree of disorder in the semiconductor. Accordingly, the carrier concentrations at the S-M junction can be calculated as
where D(E) is obtained following (16) and the Fermi-Dirac function f (E, E f ) is given by
This GDOS-based TCAD simulations are carried out using a commercially available TCAD simulator, ATLAS [19] . Further, for the same MIS capacitor, the effective DOS-based TCAD simulations are also performed by calculating the effective value for the DOS, N V as
Note that N V can be calculated numerically by using (17)- (19) or by using the analytical formulation reported in [14] . For a given φ h , N V increases with σ , as shown in Fig. 5(a) . From Fig. 5(b) , it is evident that for σ = 3K b T , the effective DOS-based simulation matches with the GDOS-based simulation results. However, for σ 4 K b T and φ h < 0.2 eV, the results based on the effective DOS deviate from the GDOS-based results, as shown in Fig 5(c) . This deviation is due to the degeneracy of the semiconductor. The deviation (or the degeneracy) is caused by the modified relationship between the mobility and diffusion coefficient (D p = ημ p V t instead of the well-known D p = μ p V t ) in presence of GDOS, with η as the enhancement factor depending on the carrier concentration [15] , [16] . According to [14] , the semiconductor becomes degenerate
Note that the combination of σ and φ h decides the degeneracy of the semiconductor. Fig. 5(a) highlights the nondegenerate regime where the effective DOS based simulations match with the GDOS based simulations as demonstrated in Fig. 5(b) and (c) . Note that the simulations are done for MIS capacitors based on n-type polymer poly[N, N'-bis(2-octyldodecyl)-naphthalene -1,4,5,8-bis (dicarboximide) -2,6 -diyl] -alt -5,5'-(2,2'-dithiophene) (P (NDI2OD-T2) ) and p-type polymer poly[2,5-bis (3-tetradecy-lthiophen-2-yl)thieno[3,2-b] thiophene] (PBTTT) by using the device and material parameters that have already been reported in [9] and [13] . Fig. 5(d) shows that for both P(NDI2OD-T2) and PBTTT based devices the effective DOS based simulation results (lines) are in agreement with the GDOS based simulation (symbols).
It is important to mention that in case of very high electricfield close to the insulator interface, the semiconductor can become degenerating at that location [20] . This is more favorable for MIS capacitors with a thin high dielectric constant insulator operating in the strong accumulation region. However, for less disordered semiconductors (σ <4 K b T ), the degeneracy close to the insulator interface has a negligible effect on the C-V characteristics. Hence, the developed models are also applicable to the MIS capacitors with thin a high dielectric constant insulator and a less disordered semiconductor.
V. EXPERIMENTAL RESULTS
We extend our study to validate the present model with experimental data. Organic semiconductor-based MIS capacitors are fabricated on cleaned glass substrates by evaporating aluminum of thickness 50 nm as the gate metal, followed by spin coating of cross-linked poly(4-vinylphenol) (PVP) with a spin speed of 6000 r/min. Subsequently, the samples are annealed at 200 • C for 20 min. Poly(3-hexylthiophene-2, 5-diyl) (P3HT), a widely studied undoped organic semiconductor, is spun from a solution of concentration 15 mg/ml in 1,2-dichlorobenzene. The spin speed is set to 1000, 2000, 3000, and 4000 r/min to vary the thickness of P3HT. The samples are then annealed at 120 • C for 20 min prior to the thermal evaporation of gold with a thickness of 50 nm as the top metal contact (cathode in particular). All the fabrication processes are carried out inside the glove box with controlled oxygen (< 1 ppm) and moisture (< 1 ppm) levels. The fabricated devices are characterized inside a vacuum probe station using the Agilent B1500 A parameter analyzer at 1-kHz frequency.
The measured C-V characteristics of the fabricated organic MIS capacitors with different semiconductor thicknesses are shown in Fig. 6(b) (star symbol) . From Section III, we know that C s varies linearly with V g in the strong accumulation regime (V g <−1V ). Hence, the linear regression is performed in the accumulation regime on the experimental results to Table I . extract C i . Using the extracted value of C i and C, C S is calculated using (7) . It is important to note that C S decreases with an increase in V g and saturates to C sc . Hence, C sc is extracted at high V g (saturation value) for devices with different P3HT thicknesses. Since C sc varies linearly with 1/t s following (1), linear regression is performed on C sc to extract ε s and t s . Note that the measured thickness values (t s ) of the P3HT films, which are coated on glass substrate using the same spin speed (r/min) as that of MIS capacitors, are used as initial guess for linear regression. It is worth to mention that the measured thicknesses may be slightly erroneous leading to an error in the extracted values of ε s and t s . However, the extracted value of ε s (=2.9) is in the acceptable range with the reported values for P3HT [22] . The extracted and measured data for t s are shown in Table I . Furthermore, in the practical conditions, V fb can deviate from (5) due to the presence of non-ideal quantities like space charge layers [23] and permanent dipoles in the dielectrics [24] . Hence, to take the effect of non-idealities, V fb is modified to V shift [9] . To find V shift , we have taken the help of ∂C/∂ V g , where the V shift is adjusted to match the voltage corresponding to the peak position of ∂C/∂ V g , as mentioned in [9] . Finally, φ h is varied in a way to obtain the best fit for C-V characteristics corresponding to all four thicknesses.
Using the reported value of σ for P3HT (70 meV) [21] and by taking N 0 = 10 21 cm −3 , φ h (0.3525 eV) is extracted to match the experimental results, as shown in Fig. 6(b) . Apparently σ = 70 meV (2.71 K b T ) and φ h = 0.3525 eV (16.64 K b T ) fall in the non-degenerate regime. Hence, the effective DOS-based simulation results (hollow symbols) match with the GDOS-based simulation results (solid symbols), as shown in Fig. 6(c) . The parameters used for the GDOS and the effective DOS simulations are listed in Table I .
Thus, for the reported values of σ and φ h for PBTTT, P(NDI2OD-T2) and for P3HT (present work), the effective DOS-based simulation results match with the GDOS-based simulation results. Hence, the models developed in this paper can be used for disordered organic semiconductor-based MIS capacitors in the non-degenerate regime, as shown in Fig. 5(a) .
VI. CONCLUSION
The C-V characteristics of undoped organic semiconductorbased MIS capacitor is thoroughly investigated. Even though the nature of the C-V characteristics seems very similar to that of the doped semiconductor-based MIS capacitor, there are differences between the underlying device physics. A physicsbased model, incorporating the injection of mobile charge carriers through the metal-semiconductor Schottky contact and their accumulation within the semiconductor under the influence of gate voltage, is developed to explain the C-V characteristics over the entire voltage range. The model is consistent with the TCAD simulation results. Variation in the C-V characteristics of the organic MIS capacitor with the semiconductor thicknesses is verified with the experimental data obtained from the P3HT-based MIS capacitor.
